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Deformation at elevated temperatures is an important 
problem in many ceramic and metallic materials. Deformation 
can occur by creep which is believed to be the result of 
combined dislocation motion and qiffusional processes. In 
ceramic materials the latter is usually a function of the 
vacancy concentration. This is a study to find the relation-
ship between the chlorine vacancy concentration and both 
deformation and recovery; where the chlorine vacancy concentra-
tion is controlled by the introduction of excess sodium to 
create F centers. This is a new experimental method which 
has never before been tried. 
Sodium chloride is a typical ionic crystal and its 
physical properties are in general well known. Experimental 
deformation work can be done in a practical range (below-
8010C, its melting point). Previous extensive work on disloca-
tion motion and mechanical properties of sodium_ chloride has 
correlated very well with high temperature deformation of 
ceramic oxides. The new methods used here would be difficult 
to apply to oxides. 
Sodium chloride is brittle. Because of this property, 
tests were conducted in compression to avoid premature failure. 
A color center is a particular {colored) point defect 
imperfection in an ionic crystal. The F center is one of 
the color centers and is the most connnon. An F center can 
2 
be defined as a negative-ion vacancy which has captured an 
electron. F centers ·can be produced in a number of ways, 
one of which is additive coloration. It consists of heating 
an alkali halide in the vapor of the metallic constituent. 
Heating sodium chloride in sodium vapor produces addit~~e 
+· coloring by introducing excess Na ions. This often pro-
duces colloidal sodium metal precipitates in the crystal on 
cooling. Therefore this method is usually avoided when 
mechanical or optical properties are studied. The colloidal 
centers produce a blue color instead of the usual yellow 
color of F centers in 'sodium chloride. However, in this 
study, .mechanical properties were studied in the presence 
of sodium vapor while at the coloring temperature. Therefore 
no colloidal centers formed duri~g the test. 
Recovery is the re-establishment of ductile properties 
after work hardening has occurred. It occurs at reduced 
strain or after complete interuption of strain. ' It is usually 
measured by a reduction in the yield point of the strain 
hardened material or by a reduced work hardening coefficient 
at lower strain rates. The recovery process is related to 
the changes in the work hardened dislocation substructure--
which is bro~ght about by dislocation climb. The climb is 
a result of diffusion. Thus recovery rate changes if dif-
fusion rate changes. 
In this ·res·each the additive ·colori~g technique was 
studied using quenched specimens. After experience with the 
3 
additive coloring technique and with ·optical absorption 
measurements was gained, deformation and recovery tests were 
made in a sodium atmosphere at temperatures of 500, .530 and 
-3 560°C and sodium vapor pressures of essentially zero, 10 , 
10-2 , 10-l, and lOO torr. During the recovery process the 
stress gradually dropped with increasing sodium vapor pressure 
lo - 3 tolOO torr. Th h . f th . ta· d e mec anism or e recovery is s u ie 
by comparing the activation energies at various vapor 
pressures. 
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II. REVIEW OF THE LITERATURE 
A. Plastic Deformation, Work Hardening, and Recovery of 
Sodium Chloride Single Crystal without Sodium Vapor 
Plastic deformation of sodium chloride crystals takes 
place by the motion of dislocations. The foundation of 
modern dislocation theory was laid by Orowan, Polanyi, and 
Taylor (Azaroff, 1). A dislocation is defined as the boundary 
around an area of a crystal that has been (or can be imagined 
to have been} displaced relative to the remainder. 
There are two possible processes of dislocation motion. 
One is called "glide" and the other is called "climb." Glide 
occurs when a dislocation moves under an applied stress in 
the plane of the dislocation. Climb occurs when the extra 
plane of atoms (or ions) is extended or shortened by addition 
or subtraction of ions (Fig. 1). Climb takes place by a 
diffusion process which will be discussed in greater detail 
in a later section. 
When a shear stress is produced in a crystal by external 
forces it creates a force on the dislocation line causing it 
to climb or glide. The force on the dislocation is applied 
to the line of the dislocation as indicated below. 
F = cr ij •b (l} 
Here crij are the stress ~omponents (subscripts take on values 
of i, j = x, y, or z) and b is the Burgers vector. The sub-. 
5 
script i (Fig. 2} refers to the direction of the unit vector 
normal to a surface and thus defines the plane upon which 
the stress component actsi while the subscript j defines the 
direction of the stress .component • 
. The Burgers vector, b, as defined by J. M. Burgers in 
1932, points in the direction of slip with a magnitude equal 
to the smallest shear displacement produced when the disloca-
tion moves. An edge dislocation is defined as a dislocation 
in which the Burgers vector is perpendicular to the line of 
the dislocation. A screw dislocation is defined as a disloca-
tion in which the Burgers vector is parallel to the line of 
the dislocation. 
Whether glide or climb occurs depends on the magnitude 
and direction of the stresses cr ..• When the force in the lJ 
direction of the Burgers vector is sufficiently high, glide 
will occur. When the force normal to the Burgers vector is 
sufficiently high climb will occur if the temperature is high 
enough for diffusion to take place.· Since the total volume 
of the body is not conserved when climb takes place by the 
creation or destruction of point defects it is called "non-
conservative" motion. On the other hand, if a dislocation 
line moves by a glide process and therefore produces a small 
displacement without transfer of matter, the motion is said 
to be "conservative." The energy necessary can be" small and 
the glide can then occur under small stresses at low tempera-
tures and in times so short that diffusion is impossible. 
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Fig. 1. Sketch illustrating climb of edge dislocation in 








Fig. 2. The stress at a point · 
7 
The major slip system of NaCl is.{011} <011> and the 
stress required for plastic deformation rof NaCl single 
crystals is about 20 kg/cm2 at room temperatures (Edelglass, 
3,· .P• 308}. At high ·temperatures · (0. 5 T of 801°C where Tm is . m 
melting point} deformation on the slip (100) system has been 
proposed (4) • The slip direction, on the other hand, in-
variably coincided with the close-packed atom rows. At 
elevated temperatures screw dislocations may glide on planes 
other than the major slip plane. 
At room temperature, even if the.re are four equivalent 
· {011} <011> slip systems on which deformation can occur when 
a crystal is compressed in a <001> direction, .a significant 
amount of slip on all four systems does not occur, .especially 
in the region of "easy_ glide" (Fig. 3}". Slip is mainly on 
one system when there is a linear stres·s-.strain curve. A 
recent study of ionic alkali halide crystals with NaCl 
structure by Stokes (4), among others, showed that the deforma-
tion of NaCl crystals is characteristic of that of face 
centered cubic metals. The stress behavior can be identified 
with an idealized curve which consists of three discrete 
stages--the first two stages being linear and the third 
parabolic--at room temperature. Stress-strain curves of 
many different shapes are obtained with NaCl crystal structure 
alkali halides--deperiding upon the cooliJ?.g techniques, surface 
conditions,· .temperatures, _and sample con_figuration. In stage 
I, .very low rates· of work hardening are ·formed and yielding 
\j I 
kg/~m2 
•- ST AGE I ·I· ST AGE 11 ~1· ST AGE Ill 





Fig. 3. Schematic stress-strain curve for NaCl single crystals 
showing three stages · 
00 
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occurs only on a simple major system on which the resolved 
. ' ' 
shear stress is a maximrun. If the temperature is increased 
from room. temperature to 144°C, the easy glide region is 
shortened and rather parabolic hardening is found (Kear et 
al., 5) (Fig~ 4). From 144°C, very little work hardening 
is to be seen even for large amounts of strain. Especially 
at 310°C, the suppression of easy glide is accompanied by a 
higher rate of hardening. The temperature dependence of the 
deformation mode of NaCl crystals displays a transition from 
long straight slip bands at room temperature to wavy slip 
bands above 300°C with compression in <001> direction. In 
the wavy slip mode, generally the traces of the edge disloca-
tion bands are straight while the screw bands are curves 
(Fig. 5) • 
At relatively low temperature the dislocations are able 
to rearrange themselves by gliding under the action of 
internal stresses. Recovery on a sufficient scale to cause 
conspicious changes in structure and mechanical properties 
requires large-scale movement of dislocations out of the 
original slip planes. While screw dislocations can glide 
out, the edge dislocations can accomplish this only by the 
thermally activated process of climb. A high vacancy con-
centration is required for climb. The primary recovery 
processes do not occur until the recovery temperatures are 
high enough that the vacancy concentration and mobility is 
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Fig. 4. Stress/strain curves £or crystals compressed in 
<001> orientation at various te~perature (Kear 
et al., 5) 
a b 
Fig. 5. Straight slip (a) and wavy slip (b) in NaCl crystal 
structure (Stokes, 4) 
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Machlin studied the recovery process experimentally 
using the following equation as an index of recovery (6). 
where 
R = 
cr 2 is the initial yield stress in compression 
after recovery, 
cr 1 is the flow stress just before the load is 
removed prior to recovery, and 
(2) 
cr is the initial yield stress prior to deformation. 
0 
(See Fig. 6 where these quantities are defined 
relative to the stress-strain curves) . 
Machlinvs average value of R was plotted as a function of time 
at various temperatures (Fiq. 7). 
Dislocation motion in sodium chloride single crystals 
has been observed by trans~tion electron microscopy (Martin 
et al., 7). Etching techniques have also revealed the disloca-
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B. Diffusion in Sodium Chloride 
Sodium-ion diffusion in NaCl occurs,mainly by the motion 
of sodium vacancies, while chlorine ion diffusion occurs 
mainly by the motion of chlorine vacancies. Interstitial 
ions and grain boundaries are observed to have no effect. 
Vacancy pairs contribute significantly to high temperature 
diffusion (Burke, 2) .- An energy_of activation is found for 
dislocation 'climb. The activation energy for creep is the 
same as that for chlorine ion diffusion in NaCl single crystal 
(Burke, 2). He concludes that the creep -rate controlling 
mechanism depends on chlorine ion diffusion. However, for 
the climb process in NaCl single crystals, sodium and chlorine 
ions must di:ffuse simultaneously in order to maintain charge 
neutrality (Fig. 1). From the curves of the diffusion 'coef-
ficient and the creep rate as a function of temperature, 
diffusion of chlorine is slower than that of sodium at all 
temperatures (Fig. 8). Therefore the rate of deformation 
and recovery is controlled by the chlorine ions diffusion, 
rate. 
C~ The Concentration of Point Defects in 
-Sodium Chloride Crystals 
Dislocation climb for sodium chloride crystals requires 
simultaneous diffusion of sodium and chlorine ions because 
the crystals must remain electrically neutral. In defect 
chemistry creating a negative point defect must be compensated 
by another defect which is positively charged.- The number 
15 
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Fig. 8. Experimentally observed steady state creep 
rates compared with experimentally observed 
sodium ion and chlorine ion diffusivities in 
sodium chloride as a function of temperature 
(Burke, 2) 
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of positively charged point defects must equal the number 
of negatively cha~ged point defects. 
The predominant intrinsic defect in sodium chloride is 
an equal number of positive and negative vacancies. This 
is called a Schottky defect. It is produced by moving a 
cation and anion to the surface and can be written chemically 
as: 
-+ I 
0 + VNa + VCl • ( 3) 
Here the Kroger-Vink notation is used (van Gool; 8). The 
superscript prime and dot indicate effective n~gative and 
-
positive charges, respectively. The effective charges are 
relative to the charge normally present on an occupied 
lattice site. 
Applying the law of mass action an equilibrium constant 
can be calculated 
( 4} 
where Lrn ° = enthalpy of formation of Schottky defect, and s 
0 
ks = a pre-exponential constant. 




Vacancies can combine to form vacancy pairs. For 
vacancy pairs 
where the * indicates a neutral charge for the complex. Then 
where AH 0 = enthalpy of formation of vacancy pair. So vp 
I 0 
= [VNa]IVCl] k exp(-AHv0 p/kT). vp 
Substituting Equation 4 to Equation 9, 
(g) 
(9) 
Divalent cation impurities are often the dominant impurity. 
Then, in the extrinsic region, 
I 
MC12 = ~a + VNa + 2C1Cl (11) 
where M is a divalent cation impurity. Then the electro-
neutrality equation is 
{12) 
If [M._ ] >> IVcll in the extrinsic region and where all cation -"Na 
impurities are in the free state 
18 
(13) 
Substituting Equation 13 ·into Equation 4 
0 
k.s .. 
~-.~ exp(-8H~/kT}. (14) 
I~a] 






~~8~ exp(-~H 0/kT)k exp(-~H 0 /kT) s vp vp 
(15) 
This is the same as Equation 10 for the intrinsic region. 
Even in the association region and the precipitation region 
(divalent cation impurities may combine with anion impuri-
ties) the concentration of vacancy pairs are the same as in 
the intrinsic and extrinsic regions, Equations 10 and 15 
(Burke, 2) • 
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D~ Color Centers in Alkali Halides 
1. Opt:ic·a1· :p·roperties· :of· :co'.lor· centers· · 
Pure alkali halide crystals are transparent throughout 
the visible region of the spectrum. Heati~g with an excess 
metal vapor and certain other treatments produce strong 
coloration in most alkali halides. For example, NaCl crystals 
become yellow and KCl crystals blue. Since the alkali halide 
can be produced easily in a reasonable degree of chemical 
purity, sodium chloride crystals were chosen for this work. 
A color center is a particular colored point defect 
imperfection in an ionic crystal. The F-center is the most 
common and has been studied most extensively. Other color 
I 
centers are L1 , L2 , L3, K, F , R1 , R2 , M, a, S, H1 , v1 , v2 , 
v3, and Vk. Characteristics of the F-band were described 
by Pohl and his school in the early 1930's (9). Table 1 
gives the approximate wavelength at the maximum absorption . 
of the F-band in various alkali halides {Fig. 9). There is 
a good expression for the importance of alkali halide research 
by Seitz {Markham, 10) • 
"Almost every field of physics processes a few 
problems which merit particular attention, both 
because they occupy a central position and because 
one has reasonable hope that, as a result of their 
inherent simplicity, they may eventually be under-
stood in a complete fashion. The problems centering 
about the properties of atoms and molecules having 
one or two electrons occupied this position in the 
development of quantum mechanics; the problems center-
ing about the ·properties of the very simplest nuclei 
occupy a similar position in nuclear physics. In 
the field of solids, the properties of the alkali 
Table 1. The values of Em and Am for F-centers in various alkali halidesa 











Alkali halides· Remarks 
LiF NaF kF Li Cl NaCl KCl Rb Cl Cs Cl 
250 340 455 385 465 563 624 603 At R.T.b(mµ) 
(3.22) - f2.67) (2.20) (1.98) (2.66) At R.T.bCev) (4.96) (3.65) (2.72) 
243 336 
(5.10) (3.69) 
2.635 2.558 2.48 2.068 
NaBr KBr RbBr CsBr 
540 630 720 675 
(2.30) (1.97) (1.72) (1.84) 
526 602 
(2.36) (2.06) 







At R. T.~ (mµ) 
At R.T. (ev) 
3 • 9 8 8 Density 
(g/cc) 
Csl 
588 685 775 785 At R.T.b (mµ') 




3 .13 3.55 
At 5°K (mµ) 
At 5°K (ev) 
4.510 Density 
(g/cc) 
aim = energy corresponding to wavelength of the peak maximum, Am· 








KCICsCI KBr Kl Rbl 
563 603 630 685 715 
KF NaCl NaBr Nol RbCI CsBr Rb Br Csl 
455 465 540 588 624 675 720 785 
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Fig. 9. Room temperature values of Em and Am for F-centers in various 






halides continuously yielded to persistent investiga-
tion and have gradually provided us with a better and 
better understanding of some of the most interesting, 
properties of all solids." 
An F-center is a negative ion vacancy with one excess 
electron bound at the vacancy (Fig. 10). During additive 
coloration, by heating the alkali halides in a vapor of the 
alkali metal, it is possible to see the formation of ·these 
-
electron excess centers. No hole excess centers are formed 
(Fig. 11). A hole may be trapped at a positive ion vacancy 
or at a negative ion vacancy, in which case the centers are 
I 
formed by groups of F centers. 'IWo F centers form an M center; 
three F centers form an R center. All of the centers cah be 
identified by their optical properties. Table 2 shows most 
of 'the color centers in the alkali halides. Besides these 
kinds of color centers, it has long been known that colloidal 
centers can coexist with F centers in the same crystal; and 
that the F centers can be transformed into colloidal aggre-
gates of sodium. These colloidal aggregates of sodium metal 
have been considered responsible for the blue color. Tyndall 
scattering can be seen from the colloidal centers. F centered 
sodium chloride crystals do not show the -Tyndall scattering 
effect (Schulman and Compton, 11) • If a blue colored crystal 
is reheated at 600°C, the Tyndall effect disappears and the 
crystal regains the characteristic yellow coloration of F 
centers. This temperature was enough to break up the colloidal 
·centers and to reform F centers in sodium chloride single 
' ' 
23 
+ + - + + 
+ /=f~ + 
+ I+ -ti + 
+ \ I + ~±.,,---
+ +-+ + 
Fig. 10. An electron trapped at a negative ion vacancy 
(An electron is shared among six positive ions, 
including one above and one below the plane of 
the four shown.) (Schulman and Compton, 11) 
';Na /Na 
+ 
Na+ a, NaiEl 
+-+ -+ I +'-+ -+-+'- I + + e - + _/+ -·+ e + 
+ - + + + 
Fig. 11. Formation of F centers by additive coloration 
(Schulman and Compton, _11) 
Table 2. Wavelengths at maximum absorption at the temperatures in ev 
(Markham, 10; Schulman and Compton, 11) 
1iF NaF KF 1iCl NaCl KCl RbCl Cs Cl NaBr KBr RbBr Cs Br Na I KI Rb I 
~-Band 9. 77 7.38 7.47 6.46 6.33 5.48 5.42 
a.-Band 9.47 7.14 7.01 6.23 6.17 6.05 5.21 5.16 
VK-Band 3.56 3.40 3.22 3.07 
v3-Band 5.91 5.85 5.37 
v2-Band 5.56 5.43 4.68 
V 1-Band 3.60 3.48 3.02 
13-Band 4.94 4.45 4.50 4.14 3.80 3.67 
1 2-Band 4.30 3.70 3.92 3.43 3. 25 3.00 
L1-Band 3.61 3,08 3.32 2.85 2. 78 2.45 
I 
F -Band 2.43 1. 65 1. 77 
F-Band 4.96 3.65 2. 72 3.22 2.67 2.20 1. 98 2.06 2.30 1. 97 1. 72 1. 84 2.11 1.81 1.60 
R2-Band 3.26 2.98 2.27 2.14 2.08 1. 70 1.57 1.44 
R1-Band 3.96 2.27 1. 88 1.69 1.54 
M-Band 2.79 2.46 1. 91 1. 71 1.50 1. 35 1.30 
K-Band 2.72 2.37 2.36 2.09 2.12 1. 92 




















2 • The· Smakula· e·quation 
The area under the absorption curve is directly pro-
portional to the concentration of the absorbing centers. 
This was discovered by Smakula in 1930 (12). The concentra-
tion of F centers may be determined experimentally from 
Smakula's equation 
[F] = 1.3 x 10 17 1 no r (n2 + 2)2 
0 
•a. •H max (16) 
where [F] =the concentration of F centers/cm3 , f =oscillator 
strength for the optical transition producing the absorption, 
n = the refractive index of the crystal for the wavelength 
0 
at the maximum of the absorption band, a. = the absorption max 
coefficient in cm-l at the maximum of the absorption band and 
H = the full width of the absorption band in electron volts 
at half maximum absorption. For sodium chloride f = 0.7875, 
n 0 = 1.544, and a.max is measured at about 465 mµ. The term 
n;/(n~ + 2) 2 changes very little with wavelength. 
The absorption coefficient is defined as 
= 1 ln Io 2·. 3 0 3 ( 0 • D • } 
d ! = d (17) 
I 0 .. I 
where O.D. (the optical density) = logy-; 1° = fraction of 
light transmitted, _and d = thickness of the specimen. 
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3. The production of F centers 
An excess of either the alkali or halogen constituent 
will produce color centers in alkali halides.- F ·centers can 
be produced in a number of ways: additive coloration (excess 
Na+), electrolytic col~ration, exposure to ionizing radiation 
and the introduction of certain impurities. Excess sodium 
can be introduced into sodium chloride by heating the crystal 
to a high temperature in sodilJ1.Il vapor and cooling rapidly to 
room temperature (This is the method of additive coloration.). 
A stoichiometric excess of the sodium ions is produced in the 
crystal. Hence the F centers are not removable without 
removing the excess sodium. This situation corresporids to 
a thermodynamic equilibrium between two phasesi the,F centers 
in the crystals and the sodium metal vapor which surrounds 
them. This equilibrium relationship allows one to determine 
the energy to produce F centers in the crystai, by equating 
it to the chemical potential of an ideal monatomic.gas 
(Markham, 10) . 
a) The chemical potential of an ideal monatomic gas is 
( 18) 
where gi = the Gibbs free energy per particle at the tempera-
ture, T and the pressure p (g. can be evaluated by means 
J. 
of statistical mechanics); c~ =the relative concentration 
. J. . 
f .th . 1 38 44 - 16 o i component; k = Bo tzmann constant, 1. 0 x 10 
erg/°K; T = the absolute temperature in °K. 
27 
g(p,T) is written by.means of statistical mechanics: 
g(p,T) = kTiln nv (19) 
where n = the number of atoms per unit volume; and M = the v 
mass of the atom. 
b) The entropy of mixing in the crystal is: 
n . N 
~s = -k[n ln(n+N> + N ln(N+n)] ( 20) 
where n = [F]; N =the number of negative ions; and N+n = 
the number of positive ions in the system. 
c) The total energy of the system is approximately 
(21) 
where £Lis defined as the lattice energy per particle; and 
EF is the energy gain when an electron is dissociated from 
a metal atom (in the vapor) and placed in a negative ion 
vacancy. 
d) The total volume is 
( 22) 
where v+ = the volume of the positive ions; v = the volume 
of the negative ions; and vF = the volume of the F centers. 
e) The total entropy is 
( 2 3) 
where s+, s_, and sF are the corresponding entropy terms; and 
~S comes from Equation 20. 
28 
f} The total Gibbs free· energy is 
. n 
= (N+n)µ+ + Nµ_ + nµF + kTin ln(n+n> 
(24) 
where µ+ = EL - Ts+ + pv+; µ = EL - Ts + pv_; and µF = 
EF - TsF + pvF. 
g) The chemical potential of the trapped electron in 
the crystal is given by 
(25) 
h) Assuming the metal vapor is at a sufficiently high 
temperature leads to complete dissociation of the vapor, 
which means c is unity. 
Then 
Soµ.= g., from Equation 18. 
l l 
-W /k.T e F ( 26) 
where WF = µ+ + µF. Therefore the concentration of F centers 
can be calculated at any temperature where the vapor is 
dissociated if WF is known. 
The concentration of F centers can be calculated by a 
different thermodynamics argument. The concentration is a 
function of the sodium vapor pressure. For the reaction 
I 
Na(g) -+ NaNa + VCl + e -+ N~a + F ( 2 7) 
29 
the mechanism of formation is shown to be oxidation of a 
sodium metal atom and incorporation of the sodium ion so 
produced on a Na+ site in the crystal. This requires the 
creation of chlorine vacancy which is effectively positively 
charged. 
The electron freed from the sodium atom may be free or 
it may be captured at the VCl site to convert it to a classic 
F center. For reaction (Equation 27) the equilibrium 
K ... = fF.] [N~a] y F YNa 
1 ~a 
(28) 
where the y's are activity coefficients and the concentra-
tions are in convenient units such as mole fraction. If 
the activity coefficients and the [N~a] are taken as unity, 
then 
(29) 
where the prime has been removed to indicate the assumptions 
just introduced. When the crystal is heated at equilibrium 
for reaction (Equation 27) 
0 
AF= o = AF + RTlnk1 • (30) 
0 0 
Therefore AF = -RT lnk1 , ~nd [F] = exp(-AF /RT)pNa (31) 
0 
where ~F is the.standard free energy of formation from 
reaction (Equation 27); R is the gas constant; and Tis the 
' 
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absolute temperature in °K., The concentration of F centers 
'can be experimentally determined using Smakula's .equation 
0 
(Equation 16) • This allows one to calculate ~F • 
E. The Effect of Plastic Deformation ori the 
Formation of F enters 
Plastic deformation prior to irradiation affects the 
rate of formation of F centers. The effect varies with the 
radiation level. At about 2xl0 5 r of gamma rays prior plastic 
deformation has no effect on the colorability (Schulman and 
Compton, 11) • 6 At about lxlO r of gamma rays the colorability 
was quite uniformly proportional to the plastic deformation 
(Nowick, 13). However this effect was no longer uniformly 
proportional above about 10 6 r (Agullo-Lopez and Levy, 14). 
F. The Effect of F Centers on Plastic Deformation, 
Work Hardening, and Recovery of Sodium Chloride 
Single Crystals 
The early work on plastic deformation was made mainly 
on the coloration by ionizing radiation at near room tempera-
ture (Przibram, 15). The method of ionizing radiation is to 
generate free electrons and holes in the crystals by means 
of ultra-violet, soft X-rays, or y-rays. X-rays or y-rays 
have been used most frequently. 
Radiation induced F centers harden the crystals. 
Generally an increase of total dose leads to an increase in 
the yield stress when tested at room temperature if irradiated 
with more than about Sx10 6 r/h (Sibley and Sender, 16; 
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Agullo-Lopez and Levy, 14; Nadeau, 17, 18) (Figs. 12, 13, 
and 14) . Eyen though most of the radiation induced coloring 
effects were done at room temperature or lower temperatures, 
it is worthwhile to consider the results. 
Some results have also been reported on additively 
colored crystals at higher temperatures and then deformed at 
room temperatures (Ueta and Kanzig, 19; Nadeau, 17). 
Figures 12 and 13 show that radiation hardening is 
basically different from the,hardening by additive coloration 
(Nadeau, 17). It shows that gamma irradiated LiF, NaCl, and 
KCl are much harder than additively colorated KCl. He found 
that additive coloration was difficult for LiF (Nadeau, 17), 
while potassium chloride could be additively colored easily 
(Suzuki and Doyama (20). From the figure, thus, it is not 
the F center itself or the vacancy pairs which produce radia-
tion hardening but something else, the concentration of 
which is closely related to those of the F center. This 
was explained by an assumption that the radiation introduced 
another defect simultaneously with the color centers which 
changed the flow stress of LiF single crystals (Nadeau, 18) • 
They assumed that an interstitial fluorine results from 
Frenkel pair production. Similar relationships were found by 
Sibley and Sonder (16) for KCl single crystals. It appears 
that the increase of the flow stress due to irradiation of 
KCl is caused by interstitial chlorine atoms or interstitial 
clusters. 
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Fig. 12. The relative effects of radiation coloring and 
additive coloring upon the flow stress (Nadeau, 
17) 
- ~ ; ' 
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Fig. 14. The change of flow stress with cobalt-60-gamma-ray dose 





However, in this investigation, radiation damage has 
not occurred. But some of the conclusions from the radiation 
research may be useful. One'of the early qualitative in-
terpretations of the effect of coloration on the plastic 
properties was proposed by Seitz (21, 22). He proposed that 
vacancy pairs·were produced which bound the dislocations and 
reduced 'plasticity. Coloration has been found to increase 
the st:i;:-ength and brittleness (Whapham and Makin, 23) .. 
Vacancy pairs may be important at low temperatures as well as 
at high temperatures. It ts also possible to expect ~ombina­
tion of the vacancies to form vacancy clusters of various 
sorts, such as pairs or higher aggregates (Schulman and 
Compton, 11). Sodium chloride.may contain Schottky vacancy 
pair~. During the F center forming proce.ss the positive 
ion vac~ncies are expected to be freed from the vacancy pairs 
because the electrons are trapped at the anion vacancy of 
tl).e vacancy pair. Dislocations are ,therefore pinned or 
immobilized by the attachment of these positive ion vacancies. 
This leads to increasing the mechanical strength (Schulman 
and Compton, 11). However, when colored by irradiation, 
positive ions and negative ions will leave their normal sites 
in the crystal and occupy ~ew lattice sites either at the 
crystal surface or at dislocations, thus causing the disloca-
tion to climb. In addition to vacancy pairs, the M center 
might also cause an increase in flow stress in the additive 
coloration method. Hardening has been observed in additively 
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colored_crystals, where it was caused in part by the M 
center as well as by the F center (Nadeau, 18). The other 
secondary centers, R, N, etc. can not be ruled out entirely 
but in general they appeared in such small numbers as to be 
of negligible importance (Nadeau, 18). R and R' centers 
are formed as well as~M.centers (Ueta and Kanzig, 19). It 
is not yet clear which particular defect causes hardening. 
But it seems likely that gradual aggregation of elementary 
clusters into various unidentified clusters may be responsible 
for it. 
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III. EXPERIMENTAL PROCEDURE 
A. Sample Preparation 
The crystal used in the experiments were kyropoulus 
grown sodium chloride random ingot sections for the F center 
experiments and kyropoulus grown sodium chloride 2"x2"x2" 
cubic section for the deformation work. These were purchased 
from the Harshaw Chemical Company. Spectroscopic analysis 
usually revealed about 12 ppm total impurities (Table 3). 
Table 3. Semiquantitative spectroscopic analysis of 
kyropoulus grown sodium chloride random ingot 
section (Harshaw Chemical Company) 
Impurities 
Al 4 - 5 ppm 
Ca 4 - 5 ppm 
Cu < 1 ppm 
Fe 1 - 2 ppm 
Mg 2 ppm 
Si 1 - .2 ppm 
The sodium chloride single crystals, as-received, were kept 
in a desiccator until their use. Since the crystals were 
difficult to cleave, a string saw, with distilled water as 
the solvent, was used to subdivide the sodium chloride single 
crystals to slightly oversized prisms. The prisms were solu-
tion machined on a nylon lap (Buehler AB nylon polishing 
cloth) to obtain the desired specimen size using 50% distilled 
water and 50% methanol as a solvent. The finished crystals 
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had (001) faces. 
For the additive coloration experiments, .the samples 
were lOxlOxl mm3 , the same as the reference crystal size. 
The sliced samples of sodium chloride single crystal were 
kept i.n a desiccator, and rinsed first in acetone and then in 
a 50% methanol and 50% distilled water bath before testing. 
The thickness of both reference and testing samples was 
measured just before the test. 
Sodium metal was handled in a dry box and was put into 
the nickel tube which was used as the container for the 
additive coloration experiments (Table.4). 
Table 4. The percentage of impurities in sodium metal 
(J_. T. Baker Chemical Company) 
·Impurities' 
Cl 0.0015 % 
N 0.02 % 
P04 0.004 % 
so4 0 .001 % 
Pb 0.0005 % 
Fe 0.000.5. 9-, 0. 
For the plastic deformation experiments in a sodium 
atmosphere, the sample specimen was 10x5x5 3 rmn • About 400 mg 
sodium metal was used for each test. Each sample was rinsed 
again in acetone and 50%-methanol and 50%-distilled water 
and the dimensions were measured to insure the proper size. 
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Each sample was assigned a number. The colored samples were 
wrapped with aluminum foil to prevent optical bleaching and 
stored in a desiccator. 
B. Apparatus and Techniques 
An apparatus for producing·F centers by additive colora-
tion was constructed (van Doorn, 24, 25) (Fig. 15). It con-
sisted of -·a 12" long, l" O.D., 3/4" I.D. nickel tube with 
one end closed which could.be inserted into a furnace. The 
furnace was made by winding Nichrome heating tape on a heavy 
copper tube, and by providing fiber insulation an~ an outer 
shell. The copper tube served to increase thermal conductivity 
and improve temperature uniformity. The lower end of the 
nickel tube was heated and could be slid up and down.to adjust 
the heating area in the furnace. The upper end was cooled 
by a stream of compressed air to obtain a temperature of 25°C. 
The top end was closed with a fitting equipped with a rubber 
0-ring vacuum seal. The fitting was connected to a dry 
nitrogen gas tank (purified nitrogen gas) and a pressure 
regulation system. A cartesian diver was used to regulate 
the nitrogen pressure in the nickel tube. A manometer was 
used to measure the nitrogen pressure. This controlled the 
nitrogen pressure in the nickel tube which controlled (and 
was equal to) the sodium vapor press·ure. The 11-3/4 II long 
furnace could be slid up and down along a 26-1/2" high stand 

















up and down in the furnace. After a constant 15 minutes ' 
heating time, the furnace was pulled down and the heated 
nickel tube submerged in a cold streaming water bath (20°C) 
for about three minutes. A container made of nickel was 
used to hold the crystal at the hot zone of the nickel tube 
with the sodium metal. 
The heating element connected to a temperature 
controller with a pt-10% Rh thermocouple was used to control 
the temperature at 720°C. The nitrogen pressure during 
heating equals the sodium pressure at the specimen because 
the sodium vapor rises, condenses, and the liquid sodium 
flows back to the bottom of the tube, producing a dynamic 
equilibrium. The sodium vapor pressure determines the con-
centration of the F centers. Quenching as indicated above 
freezes in the F centers. Their concentration can then be 
measured at room temperature. 
The optical absorption of the F centers was measured with 
a Beckman D.B. Prism Spectrophotometer. A Beckman Laboratory 
Potentiometric Recorder was used to record the F-bands which 
were converted to the concentration of the F centers with 
the Smakula equation. 
For studying the effect of coloration on the deformation 
of sodium chloride single crystals, sodium metal was put 
into the deformation testing container (Fig. 16). The 
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Fig. 17. Schematic drawing for deformation apparatus on TTCM 
Instron testing instrument 
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container has two doors, one for sodium metal, and the other 
for the sodium chloride sample. The bellows was permitted 
to compress with a spring constant, which varied slightly 
with testing temperature. The spring constants were sub-
tracted from.the deformation curves. Heating tapes were 
wound around the deformation testing container. A transite 
box with a '2 11 width of fiber glass blanket was used as insula-
tion. This apparatus was put on the Instron testing instru-
ment (Model TT-CM-L, metric system calibration) with a support· • 
. • 
The support was constructed to prevent heat conduction from 
the furnace to the. load cell. To prevent overheating the 
support was water cooled and had small contact area with the 
apparatus and with the load cell. The apparatus was free of 
contact with the transite insulation box. The load applied 
to the sample was much greater than that required to deform 
the bellows. Two pairs of Pt-10%Rh thermocouple wire were 
connected to two separate temperature controllers. One 
controlled the temperature of the sodium reservoir; the other 
controlled the temperature of the specimen chamber. 
A West power unit (Model No. PSCR 15-208) , a West set 
point unft (Model JSCR), and a Varian Associates graphic 
recorder (Model G-10) were used to control and record the 
reservoir temperature. This controlled the sodium pressure 
during the experiment. A Leeds and Northrup zero voltage 
power package (11906-223) was installed together with a 
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Leeds and Northrup C.A.T. control series 80, a Leeds and 
Northrup calibrated AZAR module, and a Leeds and Northrup 
speedomax H recorder was used to control the temperature of 
the sample. A Leeds and Northrup millivolt potentiometer was 
used to check the temperature of the heating element itself. 
The heating elements for the sample container consisted of 
two tapes. One was controlled as indicated above and the 
other was adjusted manually with a Variac transformer 
which was set usually at around 90 or 100 volts. This was 
, 
found enough to reach the desired temperatures for the test 
(up to 560°C} • 
The deformation testing apparatus was connected to a 
mechanical vacuum pump and to a purified dry nitrogen gas tank 
and also connected to a diffusion oil sealing container to 
avoid infusion of air from outside of the system. 
c. Testing 
1. Testing for F center by additive coloration 
Sodium metal (about 100 mg) was put into the cold nickel 
tube. The sample in the nickel wire container basket was 
put into the tube. The tube was closed with the lid and 
connected to the vacuum pump, nitrogen gas tank and manometers. 
-2 The system was evacuated until about 10 torr (usually 1.2 
x 10-2 torr) • Then nitrogen gas was admitted to the appropri-
ate pressures to obtain pressures of 1, 2, 5, 10, 15, 20, or 
60 torr. Then the lower sample part was heated and the upper 
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pa~t was coole~. About 20 minutes was required to reach 
720°C. The temperature was held constant for 15 minutes. 
Ten minutes has been reported to be sufficient to obtain 
equilibrium between crystal and the vapor, as no further 
increase in optical absorption was observed with 'longer 
heating times {van Doorn, 25) • During the test, the tempera-
ture varied as much as ± 6°C. Nitrogen gas was then admitted 
quickly to bring the pressure up to atmospheric. The furnace 
was then slid down from the nickel tube and the flowing water 
tank was slid up to quench ~he hot tube. Quenching is 
necessary to prevent the precipitation of possibly colloidal 
centers (van Doorn, 25) '• Opening the tube and dropping the 
sample directly into carbon tetrachloride was tried first. 
However this quenching method was not proper because the 
sample usually cracked and shattered. It was not possible 
to measure absorption coefficient with this shattered sample 
crystal using the Beckman spectrophotometer. Therefore, 
flowing cold water was used to cool the chamber from its 
external surface. This helped to avoid cracking the specimen, 
but at higher sodium pressures precipitation of colloidal 
centers occurred (Fig. 18). Precipitation of coiloidal 
centers was a problem above about 15 torr of sodium vapor 
pressure at 720°C. The colloidal band is located at a 
longer wavelength than the F center band. The maximum 
absorbance of colloidal bands are shown at about 572 mµ 
0 
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{Fig. 18). The absorption coefficient of the F band is de-
creased by precipitation of colloidal centers because.the· 
concentration of F centers is reduced. However when colloidal 
centers occur in the crystal they cause an apparent widening 
of the F band for those F centers which remain after precipita-
tion because the two bands overlap. The net result is a de-
crease in band width although not as much as would be expected 
if the two bands did not overlap. Therefore the experimentally 
measured concentration of F centers is lower than it would be 
if no precipitation occurred {Table 5 and Fig. 19). 
After cooling the chamber down to room temperature, the 
tube was opened to take out the colored specimen. This was 
done in the dark to avoid bleaching. 
This production of F centers is explained as follows 
{van Doorn, 25) : The specimen and the sodium metal are heated 
at lower part of the chamber, then the sodium ·metal melts 
and starts boiling at an appropriate vapor pressure. At one 
atmosphere t~e melting point of sodium is 97.81°C and its 
boiling point is 892°C. The pressure is a function of 
temperature (Fig. 20), according to the equation 
-. o·. O:S223a + log p = T b (32} 
where a = 103300 and b = 7 •. 553 for sodium. The vapor rises 
and finally condenses· in the upper· cooling part of the 
chamber. The liquid sodium metal flows down along the inside 
wall of the tube until it enters a lower hot part where it 
vaporizes again. A circulation zone is formed and this 
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a£ = ~-~~h~c~- _ 1240 1.602Ax10-12 - ---X-- (ev) where A = the wavelength in mµ. 
b H = £v - £r (ev) • 
ca from Equation 16. max 
1 Io I 
a = - ln -, - -max d I I 0 T, T = transmittance. 
. 1 -2 
a.max= 2.303 x d I-log(T x 10 )]where the average 
thickness d was chosen 0.97 ]Jm. 
dIFJ from Equation 17. 
17 1 [F] = 1.31 x 10 x 0. 7875 
( 1. 5 4"4 
f(l.544)2 +2]2 amax·H = 0.1336xlo11 a ,H max · 
















5 10 20 50 
PK torr 
0 
5 10 20 50 























0 -1 1000/r, K 







1.2 1.0 0.8 
Fig. 20. Sodium vapor pressure as a function of temperature 
(Handbook of Chemistry and Physics, 26) 
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circulation zone separates pure metal vapor in the- lower 
part from pure nitrogen in the upper part. The sodium 
pressure then is equal to the appli~d h'itr~gen pre~sure 
(van Doorn, _25) • 
2. PTastic defo·r:m:ation· and ·re·covery ·of sodium chloride 
s1ng·1e crysta·1s- -i.n the· ahsence· ofsodrum· vapor 
Single crystals were tested first without sodium vapor 
in the deformation testing charnb~r to provide data for com-
parison with samples tested in sodium vapor. A few tests--
were made to provide dat~ for_ experiment design~ For ·example, 
single cry~~al pri'Sms 5x5xl0 mm 3 were tested in compression'on 
end at 400°C at a strain rate of 0.01 cm/miri. 'Ten minute 
< 
recovery periods were allowed every 0.01 cm deflection (F~g. 
21) • In this test two difficulties were discovered. __ Some 
difficulty in· temperature control was found. --- It was difficult 
to load the specimen uniformly- -across its entire top surface. 
These difficulties were corrected· by insulating the upper 
loading fixture and by predeformi~g 0.01 before beginning 
the experiment. 
The initial tests were followed by two different experi-
mental series. 
At a constant 
__ strain rate, e: ";::::; 0.01 cm/sec, the load was applied to the 
specimen for 1 minute, then removed. Next, the load was ag~in 
applied for 1 minute, then removed for 2 minutes, and so on. 
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and 32 minutes. Each test was controlled at a constant 
temperature. The effect of the recovery time was studied; 
the yield strength was found to be decreased relatively to 
its former y1eld strength when longer recovery time was used. 
b. Variable strain rate and· recovery The second 
method involves the changing of strain rate at constant 
temperature. The Instron testing instrument allows rapid 
change in the strain rate by push button control. Three 
different strain rates were used (0.01, 0.005, 0.02 cm/sec) 
because different strain rates were needed to determine the 
effect of sodium vapor on work hardening. Then strain was 
stopped and the load recorded until recovery was complete. 
The results are shown in Fig. 22 and 23. From these 
curves, the activation energy of recovery process were calcu-
lated according to the equation 
F(cr -cr } = -Ae-Q/RT t 
t o R 
where F =an unspecified function of (crt-cr 0 ); 
crt = compressive stress after time, t; 
cr0 = stress prior to deformation; 
A = a constant; 
Q = activation energy for the process; 
R = gas constant; 
T = absolute temperature in °K; and 
tR = recovery time in minutes (27, p. 43)'. 
( 33) 
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According to Byrne (27) Equation 33 was obtained from 
chemical reaction rate theory, .and expresses the change of 
concentration of defects with respect to recovery time as 
well as the affect of temperature. The left hand side of 
Equation 33 can be made constant by selecting a particular 
value of ot from Fig. 22. Then Equation 33 can be written 
another way by taking logs, 
ln t = const + gT . (34} 
From a plot of ln t versus l/T at a constant value of ot the 
activation can be obtained from the slope (Fig. 23). The 
calculated value is 42.7 kcal/mole for NaCl. This activation 
energy is about that estimated for the formation energy plus 
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3. Plastic de·fo·rtnat·ion· and r·ecovery ·of sodium ·chloride 
·single· c·ry:s'tals· ·in· ·sbdfum· ·va"t?c?r 
Deformation and recovery tests were conducted in sodium 
vapor at temperatures of 500°, 530°, and 560°c'. In these 
experiments the temperature __ of the sample chamber was held 
at the desired sample temperature and the temperature of the 
sodium reservoir was held at a lower temperature--so that it 
was the lowest temperature in the system. Therefore the 
vapor pressure of sodium metal was determined by the tempera-
ture of the sodium reservoir. It was adjusted to tempera-. 
tures necessary to obtain sodium pressures of approximately 
10-3, .10-2 , 10-l, and 1 torr. 
All samples were brought to the desired temperature and 
sodii.im pressure and deformed 1% to ensure uniform loading. 
Loading was.~topped and they were allowed to recover until 
recovery was complete. The load was reduced to zero. They 
were given a'standard'deformation and recovery test as shown 
in Fig. 24. Each sample was deformed-at three different 
strain rates of 0.01, 0.005, and 0.02 cm/min followed by 
recovery for long enough time to reach terminal recovery. 
The pre-strain served to establish a standard deformation 
for the recovery process. , The total strain prior to recovery 
was about 4.5%. 
The results are shown in Figs. 25, 26, and 27 at various 
vapor pressures. The figures show the stress as a function 
of recovery time (tR in min.) at a uniform temperature. 
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Fig. 24. Effect of changing strain rate on the plastic 
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However each test was done at a constant sample temperature 
at an appropriate sodium vapor pres.sure. Upon readi~g the 
appropriate sample temperature, _an initial 1% compression 
was started and the time was measured after this pre-
compression from this point until recovery for the initial 
1% compression was complete. Therefore the total time 
includes not only 3.5% deforming testing time but also the 
time associated with the precompression and recovery. It 
may not have been enough to get equilibrium concentration of 
F centers. The average precompression and recovery time was 
50 minutes for the tests at 500 and 530°C. However Fig. 27 
shows the 50 minutes may not have been long enough. At 560°C 
-2 -1 the time was changed to 77 minutes at 10 , 10 , and 1 torr 
of the vapor pressure. 
The activation energy was calculated from Fig. 28 at 
different vapor pressures. The value for activation energy 
was calculated to be 15.8 Kcal/mole at about 10- 3 torr at 
temperature range from 500°C to 560°C. The value for the 
higher vapor pressure (at about 1 torr) was calculated as 
about same with the value at 10-3 torr in the same range of 
temperature. With sodium present, the activation energy 




The purpose of this work was to study the influence of 
chlorine vacancy concentration on the plastic deformation of 
sodium chloride by introducing F centers to control the 
chlorine vacancy concentration. Others have studied the 
plastic deformation of quenched crystals containing F centers 
and found that hardening may occur at room temperature. 
However these studies were plagued by colloidal sodium pre-
cipitation during quenching. Introduction of F centers by 
radiation was even more harmful because other defects were 
introduced during irradiation which caused extreme hardening. 
This work has the advantage of experimenting at the doping 
temperature where neither radiation hardening nor colloidal 
precipitates can be a problem. It was not, however, possible 
to measure the F center concentration while at temperature. 
The quenching rate after the test was not fast enough to 
preserve the F centers and allow concentration determinations. 
Therefore the data must be interpreted by comparison with 
theoretical and experimental estimates of the F center con-
centrations. 
In the quenching tests the F centers were accompanied 
by colloidal sodium precipitation at sodium pressures greater 
than about 10-15 torr. The F center concentrations calculated 
from Smakula's equation were, therefore, low at the higher 
vapor pressure. The slope of the F center concentration 
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versus sodium pressure (Fig. 19(b)) has the theoretical 1:1 
slope to pressure of 15 torr. 
The quenching tests were performed on 1 mm thick prisms 
at 720°C, whereas the ·deformation tests were conducted with 
5 mm thick prisms at 500 to 560°C. The time required to 
reach equilibrium concentration of F centers was less than 
10 minutes for the quenching tests. For the deformation 
tests equilibrium concentration may not have been obtained. 
This is suspected because some of the tests were conducted 
on specimens heated in sodium vapor for 77 minutes as compared 
to a larger number heated for about 50 minutes. There is 
considerable variation in the absolute values of a which 
seems to be affected by the time before deformation started. 
The recovery data were analyzed to determine the effect 
of F centers (and hence of increased chlorine vacancy con-
centration) on the recovery process. Only three temperatures 
were used 500, 530, and 560°C. Because of this and because 
of the scatter in the data the absolute accuracy of activation 
energies is not great. It seems clear, however, that the 
activation energy is lowered'tremendously by introducing 
chlorine vacancies. This leads to the conclusion that the 
increase in chlorine vacancy concentration does increase 
recovery by a process which shifts continuously to a 
lower activation energy as sodium pressure increases. 
Recovery by a diffusion process with such a low activation 
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energy seems unlikely. More than one mechanism must be 
involved. Further work is needed to establish what 
mechanisms are involved. 
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. V. CONCL.USIONS .. 
1. .The 'effect ·of F centers, on deformation and ·recovery, 
.. 
can be studied by the additive coloration method. 
2. The ~ntroductiori of F ceriters ·increases ·the rate 
of recovery and reduces.the activation- energy for 
rec;:overy. 
3. _ Theoretical predictions that the F center con-
c~ntrati~n is proportional to the sodium vapo~ 
pressure are confirmed. 
·'•..: 
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VI • RECOMMENDATIONS FOR FURTHER WORK 
1. More extensive deformation an·d recovery tests at 
a wider.range of temperatures should be conducted 
to determine the activation energies of the 
processes ·l.nvolved. 
2. Quenching experiments should be conducted in the 
range of ,temperatures used for the deformation 
experiments to estimate the F center concentration 
at those temperatures; and to determine the time 
required to reach equilibrium. 
3. The concentration of chlorine vacancies in excess 
of the normal Schottky concentration when F centers 
are introduced should be estimated. 
4. Dislocation density and subgrain structures should 
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